ABSTRACT
Introduction
The biocompatibility of an osteointegrated titanium implant is correlated with its physical, mechanical and chemical characteristics. Moreover the superficial characteristics have a key role during the initial phases of osteointegration processes in relationship to titanium biomaterial and bone tissue [1] . More clinical and research studies were produced in order to modified the titanium surface with different chemical (acid oxidation, peroxidation, alkalization, crystalline hydroxyapatite deposition, electrochemical anodization) and physical approaches (compactation on particles, ion beam, pressure or chemical vapour deposition) [2] . With all this methods a macro, micro and nano-scale surface modification is obtained [3, 4] . To improve the implant success rates the attention highlighted nano-scale features [5] . Therefore surface modification techniques such as lithography [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and self-assembled monolayers (SAMs) were recently developed and investigated in implant dentistry [20] [21] [22] [23] [24] [25] . While the lithography techniques require a considerable great development prior to clinical translation and application on implant surface [26, 27] the SAMs are more known and experimented in medicine [20, 21] .
Self-Assembled Monolayers

Introduction on Self-Assembling Monolayers
The first preparation and structural characterization of monolayer assemblies of oriented organic molecules were described by Nuzzo and Allara in 80s, [28] [29] [30] [31] [32] which dramatically changed surface science.
SAMs structures are ordered organic films in supramolecular chemistry [33] [34] [35] [36] , directed through noncovalent interactions (e.g., hydrogen bonding, metal coordination, hydrophobic forces, van der Waals forces, π-π interactions, and/or electrostatic effects), formed by the adsorption (chemisorption) of an active organic coating on a solid surface.
SAM formation provides one easy route towards surface functionalization by organic molecules on selected metallic (Au, Cu, Ag, Pd, Pt, Hg and C) as well as semiconducting surfaces (Si, GaAs, indium coated tin oxide etc.).
SAMs have shifted the focus of surface science from metals and metal oxides to surfaces composed of organic molecules, and allowed studies of surfaces in contact with solvents and of biologically relevant surfaces. They can be regarded as the interface between materials with totally different physical and chemical properties: metals, semiconductors, or other inorganic materials as organic and biological materials (polymers, biomolecules, other simpler organic molecules, etc.).
SAMs formation provides an alternative highly innovative to the current chemical treatments towards surface functionalization by amphiphilic molecules, which could be of great use for several practical applications such as chemical sensing (biosensors), adhesion (cell or protein), control of surface properties like wettability and friction, corrosion inhibition, patterning, semiconductor passivation, and organic electronics [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] .
A SAM is a properly organized layer of amphiphilic molecules with a "head group" at the end having special affinity for a substrate; on the other end is present a terminal functional group connected by a "tail" (Figure 1) .
The end functional groups (tail groups) could be modulated, and generally properly chosen to improve hydrophilic and hydrophobic properties of the substrate.
SAM formation process involves starting with bulk solution transport, sample surface preparation, surface adsorption and continuing with the two-dimensional organization on the substrate [51] .
The chemisorption of hydrophilic "head groups" onto a substrate is followed by a slow two-dimensional organization of hydrophobic "tail groups"; adsorbate molecules form either a disordered mass of molecules or form a "lying down phase", where alkyl chains are parallel to the surface or are stacked into a striped phase, before reaching the standing-up phase (Figure 2) .
The last phase is characterized by a re-arrangement into a systematic layer (crystalline or semicrystalline), until the growing left no area on the surface, forming the totally covered and packed single monolayer [51] . This later process can involve passage through one or more intermediate surface phases and can often be described using two-dimensional nucleation and growth models [52] .
The kinetics of SAM formation and stability depend on The defect density decreases with increasing hydrocarbon chain length [54] .
The final organization properties are dependent on the chain length, the adsorbate and the substrate. Steric hindrance and metal substrate properties affect the packing film density while chain length involves SAM thickness [55, 56] .
An increasing level of attention has been given to the defects, caused by both external and intrinsic factors, within monolayer structures.
External factors include the surface preparation (roughness and surface defects), cleanliness of the substrate, method of preparation, and purity of the adsorbates. The absorption of various kinds of unwanted molecules makes SAM highly unstable.
SAMs intrinsically form defects due to the thermodynamics of formation as it happens in thiol SAMs on gold that typically exhibit monoatomic vacancy islands due to extraction of adatoms from the substrate and formation of adatom-adsorbate moieties.
Limited thermal [57, 58] and oxidative stability are also responsible for curtailing SAMs large scale use.
Due to their versatility and stability the most widely studied SAM are alkanethiols on gold and silanes on silicon.
From a biomedical point of view a wide variety of biomolecules and biomaterials involving proteins, peptides, DNA, carbohydrates, antibodies, and therapeutics, have been attached to SAMs for several applications [59] [60] [61] [62] [63] . Therefore SAMs are highly promising for implanting functional molecules on surfaces or to modify chemicalphysical properties of themselves.
In the present study the perspective of using SAMs in implant dentistry was evaluated in terms of features, limitations, preparation methodology, characterization and applications.
Self-Assembling Monolayers on Ti
Commercial pure titanium (cpTi) and its alloys are widely used in orthopedic, oral and maxillofacial surgery as load bearing implants because of their superior mechanical properties, good biocompatibility with hard human tissues, and high resistance to corrosion.
CpTi and its alloys are highly reactive metals that readily passivate to form a protective oxide layer, tenacious and stable approximately 10 nanometers thick [64] .
The native covering oxide is basically amorphous in crystal structure and morphologically homogeneous [65] [66] [67] [68] [69] , but this layer is irregular in thickness and composition, non-crystalline, and typically contaminated with various foreign elements taken from the surroundings.
The oxide layer provides a highly biocompatible surface and allows for bonding other materials to the metal surface or bone tissue appearing suitable for dental implants or prostheses.
Few reports of SAMs on Ti [70, 71] , stainless steel [37] , tantalum [72] , zirconium [73, 74] or nitinol [37, 75] are present in literature if compared to those on Au.
On Ti surfaces for fabrication of individual monomolecular modification the attaching group of phosphonic acids or silanes are used.
However, the use of SAMs is strongly related to the chemical and physical stability of the thin film, which depend on several factors as:
1) surface morphology and chemical composition; 2) affinity of head group toward metal oxide; 3) coating methodology. The focus on Ti surfaces used for medical applications has shifted from surface roughness to surface chemistry and a combination of chemical manipulations on the porous structure to mimic biological functions, for the purpose of inducing specific cell and tissue responses.
Surface modification of biomedical implants promotes improved biocompatibility and enhanced implant integration with the host.
1) Surface morphology and chemical composition
Surface roughness has been shown to be an influencing parameter for SAM characteristics, as it will determine the quality of the SAM in terms of its stability, degree of coverage, and order.
It is necessary to consider the topography at various scales: macro-roughness and micro-to nano-roughness, which differ for average surface roughness size of the order of microns to sub-microns up to nanometers, respectively.
To optimize SAMs deposition (in terms of minimizing defects) surfaces must undergo a basic pre-treatment to obtain clean and flat substrates. By using a proper solvent (such as acetone, methanol, ethanol or toluene) contaminants are removed from the surface.
To obtain a well-ordered and densely packed SAM, the surface of the substrate should be relatively smoothed by using mechanical polishing methods (such as silicon carbide grinding papers and diamond pastes as abrasive). The process of polishing with abrasives usually starts with coarse ones and graduates to fine ones.
Also surface chemical composition plays a fundamental role in SAMs formation, as phosphonic acids or silanes reactions with Ti surface is limited by hydroxyl adsorption sites to achieve full coverage.
Gas plasma was extensively used in the literature to pretreat metal oxides before the deposition of SAMs; oxygen plasma treatment is a common procedure to introduce hydroxyl groups on a Ti surface [76] .
Acid etching is the simplest way to obtain hydroxylated Ti surfaces. Conventional chemical treatment consists in using oxygen peroxide or piranha solution (sulfuric acid and oxygen peroxide) to obtain a sufficient density of hydroxyl groups at the surface of Ti. If chemical pretreatments are not carefully controlled it is possible to have surface morphology modification, resulting the substrate corrosion and formation of a very porous surface, which is undesirable [70] .
2) Affinity of head group toward metal oxide The formation of a well-assembled monolayer depends on the purity of the adsorbant being used. The presence of even low levels of contaminants can result in a disordered, non-ideal monolayer.
Silanes/siloxanes and phosphonic acids/phosphonates are the most commonly organic reagents used for Ti surfaces.
 Silanes/Siloxanes
The organosilane derivatives R m SiX n (where X is a chloride or alkoxy group and R is an organic group that can carry different functionalities) are known to react also in cpTi with hydroxylated surfaces to form monolayers.
Alkoxysilanes need specific pH values and relatively high concentration to form stable and densely packed monolayers, while trichlorosilanes require lower concentrations and shorter reaction times.
When alkyltrichlorosilane is used, Si-Cl bonds react with the OH groups present on the surface of the substrate to form a siloxane network.
The assembly of alkylsilane monolayers is highly sensitive to solvent, temperature, and trace amounts of water.
Common long chain alkyl silanes used in the formation of SAMs are simple hydrocarbon, fluoroalkyl and end-group substituted silanes. Silanes with one hydrolysable group maintain interphase structure after deposition by forming a single oxane bond with the substrate. Silanes with three hydrolysable groups form siloxane (silsesquioxane) polymers after deposition, bonding both with each other as well as the substrate. The minimization of water condensation at the substrate can prevent the random aggregation and reaction among the silanes and increase attachment to the substrate. Formation of well-ordered oxane bonds with surface hydroxyl groups depends on the density or frequency of materials surface hydroxyl groups [33] .
 Phosphonic acid/Phosphonates
Phosphonic acids, are somewhat less often character-ized compared to silanes and thiols, but are the becoming of great practical interest because of their ability to produce SAMs on a range of metal oxide surfaces [73, 77] .
Organophosphonates and organophosphates are structurally similar. An organophosphate has four oxygens with an alkyl group connected via a phosphoester bond. Phosphonates have three oxygens with a carbon attached directly to phosphorus. The lack of a hydrolyzable P-O-C linkage makes phosphonate compounds more stable in aqueous solution and easier to make SAMs with than organophosphate compounds.
The reaction of long-chain alkylphosphonic acids with metal oxide supports leads to dense, well-ordered SAMs [78, 79] .
Phosphonates and phosphonic acids form SAMs on Ti surfaces by the formation of Ti-O-P bonds.
The deposition technique is based on SAMs made from aqueous alkyl phosphate solutions, which has the advantage of not using organic solvents [71, 80] . Advantages of these SAMs compared to silane ones are a higher hydrolytic stability under physiological conditions and the fact that no surface conditioning (i.e., acid treatment) is required to obtain high coverage.
3) Coating methodology
SAMs methodology is divided in two approaches: gas phase and solution phase deposition [51] .
Growth from the gas phase generally requires an experimental setup with vacuum chambers for better control of the cleanliness of the environment, the substrate and the substances and their respective temperatures as well as the applicability of essentially all the established techniques known with molecular resolution, used in surface science to determine the structure.
In gas phase deposition the substrate is located in a generic surface which allows for cleaning of the surface by ion sputtering and annealing and, through one additional port, the adsorbing molecules are dosed with a controllable flux [81] .
In the traditional preparation of SAMs growth from solution the properly cleaned substrate has to be dipped into the corresponding diluted solution for a certain period of time and the monolayer will assemble [82] .
The two principal methods common employed to coat phosponic acid SAMs on cpTi are (a) pre-treating Ti using gas plasma followed by solution phase deposition [71, 83] and (b) annealing-based deposition [77, 84] .
Aerosol sprayed technique is also used to form phosphonic acid SAMs onto cpTi surfaces from solution [77] . The spray process was followed by annealing, which consists in heating a thin film of phosphoric acid on the Ti surface, giving a strongly bound, ordered alkylphosphonate film. The subsequent heat treatment increases the covalent character of the bond between the metal substrate and the phosphate or phosphonate anchor groups [85] [86] [87] [88] [89] .
A broad variety of organophosphates have been used for SAMs formation on cpTi by using a tethering by aggregation and growth (T-BAG)/annealing process [90] .
Other strategy is based on the adsorption of the alkyl phosphate ammonium salts from aqueous solution [71] .
Preparation Methodology
Considering the stability of phosphonic SAMs on cpTi or its alloys in the follow only this assembling technique and details will be discuss.
Cleaning and Hydroxilating Procedure
Prior to deposition, titania substrates were placed in a highly clean politetrafluoroethylene container and treated in an ultrasonic bath with water and a proper organic solvent (i.e. 2-propanol or ethanol) for 10 minutes. It is very important to place the samples in a vertical position to remove microscopically small particles, such as silicon powder, during the sonication. Such small particles cannot be removed by simply blowing them away, not even with a strong gas stream. The samples were removed from the organic solvent and rinsed with copious amounts of high-purity water; then blow-dried in a nitrogen stream followed by an additional cleaning in a UV-ozone cleaner for 30 minutes or in an oxygen-plasma cleaner for 2 minutes, right before the assembly process. This treatment resulted in completely hydrophilic surfaces.
Spray Deposition
The hydroxylated titanium substrates were sprayed (TLC sprayer and nitrogen) using a 0.75 mM solution of the phosphonic acid in dry THF (tetrahydrofuran) at room temperature and allowed to dry at room temperature. The solvent was then evaporated under ambient conditions.
Solution Deposition
Immersion of clean titanium surfaces in tetrahydrofuran (THF) solution of phosphonic acid was carried out immediately after the cleaning because of the extreme susceptibility of these titanium films to adventitious hydrocarbon contamination. Upon removal the samples were rinsed in pure THF for 30 s and finally blown dry with filtered nitrogen. tion of ammonium salt of the corresponding phosphate was used. After 48 h, the Ti specimens coated with phosphate SAMs were rinsed in copious amount of running water.
Annealing Process
A strongly surface-bound film of alkanephosphonate can be formed on the Ti native oxide surface by heating the material prepared as described above (but before rinsing) at 120˚C for 18 h. Immersion of treated Ti samples in dry THF twice, for 5 min each, removed physisorbed phosphonic acid. Samples were then dried (room temperature, 0.1 Torr).
Surface coverage of chemisorbed phosphonates could be enhanced through repeated sequences of solution deposition, heating (120˚C, 18 h), and rinsing with THF.
SAMs Characterization
A SAM for its feature (chemical and topographic changes) could be considered a nano composite structure. Therefore it is necessary characterize, with high performing and specific techniques, the morphological evolution of the surface with respect the chemical pretreatment conditions and the SAM growth. During characterization the SAMs layer could be altered or modified by destructive test methods.
Parameters and properties of the Ti substrate, of the assembled monolayers [69, 70] and the corresponding destructive (DT) or non-destructive measure techniques (NDT) are reported in Table 1 .
Discussion
SAMs formation can provides a potential and economic method for obtaining designable physicochemical features of the titanium surface in order to promote the osteointegration. The technique appears particularly interesting due to the fact that the SAM can be considered a "multi compose" physicochemical thin film able to modify the critical chemical Ti surface characteristics.
The nano-scale structure layer of about several tens of nanometers (20 -30 nm) may have a great influence the physiological and pathological healing process.
The length of the tails can be ruled by the number of carbon atoms, while the number of hydrophilic end groups could be modified controlling the hydroxylation process.
Moreover the roughness of the SAMs structure depends on the functional group and its package. Some authors [70] found that octadecyltrichlorosilane produced a great reduction of the pristine roughness, comparable to the dimensions of the atoms of the functional terminal group (few units on nanometer).
Furthermore different interactions between cells growth and implant Ti surfaces could role by the level of packing order of the chains.
Chemical nature of the terminal groups could favorite better interaction within bone cells and implant and biomimetics properties.
In order to obtain stable SAMs both the preparation conditions and the materials properties are critical. Therefore the substrate must be perfectly clean and the adsorbates pure [91] . The preparation conditions support the necessity of sterility of the implant. Stable SAMs are obtained with the correct above reported procedures (cleaning, hydroxilating and deposition for phosphonic acid).
If chemical pretreatments are not carefully controlled it is possible to have surface morphology modification, resulting the substrate corrosion and formation of a very porous surface, which is undesirable [70] .
Direct SAMs formation on Ti is limited by the low surface hydroxyl (OH) group content of the Ti native oxide surface; only about 15% of surface O is due to OH.
Enhanced surface hydroxylation may be obtained by physical or chemical treatments.
The reproducibility of the SAM treatment could be assessed in the same way of the characterization above reported.
The stability of SAMs under physiological or sterilization conditions is crucial for successfully using this technique to coat medical implants [92] .
While sulfur-surface (gold, indium coated tin oxide and so on) self-assembling is used for fabrication of individual monomolecular modification on the surface, for Ti surfaces it is necessary to use phosphonic acids or silanes as attaching groups.
It is known that the modification of Ti surface with calcium phosphate (CP) and/or hydroxyapatite (HA) coatings have attracted most research interest because of the substantial improvements achieved in terms of osteointegration.
SAMs can improve the CP or HA coating on titanium substrates inducing their mineralization with high crystallinity and relatively strong interfacial bonds with the substrates [93] [94] [95] [96] [97] [98] [99] .
A crucial aspect to promote a good crystallization of HA is the strength and the organization of the SAMs film; these are strongly affected by the influence of Ti surface properties, such as chemical composition (hydroxylation of the surface) and morphology (formation of cervices), obtained by chemical pre-treatments.
The critical role played by crystalline or semicrystalline nature of the SAM in order to improve cell and osteoactivity must be investigated.
Conclusions
The success in implant dentistry is related with its micro and nano roughness surface characteristics.
Therefore the SAMs films may be an important innovative and alternative technique to the traditional surface treatments able to improve the healing process.
Although SAM formation provides a simple strategy to form ultrathin and thermodynamically stable organic films (also for non-planar feature surfaces) some limitations could restrict their applications. The problems related with SAMs stability and the reproducibility of the monolayer treatment must be solved especially in order to the bone host tissue and the applicability in the oral and maxillofacial implant surgical technique.
As future trends more designed and built up technique of SAMs could condition the different physiological and pathological process. Therefore more experimental studies of SAMs growth on cpTi and its alloys as well as in vitro and in vivo animal studies are request.
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